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l’icmc]cctric  rotary motors arc being
cicvclopcci  to form a cirivc mechanism for
robotics, miniature spacccraf[ instruments
and subsystems. ‘1’hc tcchno]ogy  that has
rcccntly  emerged in conmcrcial  products is
associalcci  with empirical design. An
analytical model was dcvclopc.d for the
motoranci  it is currcnt]y  being mociificci  to
account for the cffccl of space cnvironmcnl.

‘1’hc intcrfacc  bctwccn the rotor and stator
components anti the friction forces arc
invest igatcci  to cictcrminc  the propelling
effect of the stator. ‘1 ‘hc model predicts
motor performance and can bc used 10
optimixc  the design  of miniature high-torque
motors.
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T rc~iuccd stress tensor
n electric (ii splaccmcnt
s rcduccd  strain tensor
1< electric field vector
/: stiffhess constants

Vccior

c clcctromcchani  cal constants
c the dielectric pcrmittivity  constant
iv mass matrix ofthc stator
C (iamping matrix ofthc stator

stiffness matrix of the stator
model amplitude vector
cxtcmal  normal force vector
external tangential fmcc vector
elect romcchanical  coup] ing constant
applic(i voitagc
relation angle ofthc rotor
rotor flcxtarc height in z (iircclion
rotor inertia
rotor spin damping
intcrfacc torque

“L <Ip]illc,  I applie(i torque
A4r,,,<,, rotor mass
C’, rotor vcrt i cxil damping
J;,,, intcrfacc  force
1(,,),,,,,  ,, applicci  fo] cc
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‘J’hc I cccnt NASA cfforl to rcduc.c  the size
and I IIass of fllture spacecraft is straining the
spcci fications of actuation and articulation
mechanisms that dtivc  robots and p]anctary
instr(mcnts.  ‘Jhc ]llilliatllri7.atio])  of
conventional clcctromagnctic  motor is
limited by manufacturing constrains anti
lowcI  efficiency. (icncrally, these types of
moto IS comprom  isc spcc(i  for torque using
speed rcducinp,  p,cam. ‘1’hc usc of gears a(i(is
mass. volLmlc  an(i complexity as WC]] as
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rcduccs the systcm reliability duc to the
incrcasc  in number of the systcm
components. Potentially, rotary
piczoclcctric motors can offer an cffcctivc
alternative clrivc mechanism for miniatum
imt rumcnts  [ 1]. ‘1’hcsc motors pmvidc high
torqLlc  cicnsity  at low spcccl, high holding
torque [2], simple construction, quiet
oJ>craticm and have a quick rcsJmnsc.
‘1’hcycan also bc made in annular shape for
optical application, electronic packaging and
wiring through the ccntcr. Picmcleclric
motors, also known as ultrasonic motors
(USM) arc now being ccmsiclcrcd  for
actuation of a robotic am for a Mars 1,andcr
robotic program. A joint .ll)l ,/Ml’l’ study is
underway 10 develop such motors for
operation at space cnviromncnt,  namely, to
opcrat  c effect ivcl y ancl rcl iab] y ina vacuum
andat tcmpcraturcs down to cryog)cnic
ICvcls.

Ultrasonic motors [ 1-11 ] can bc classificci
by their moclc of opcratim  (static or
resonant), type of motion (rotary or linear)
and shape of il]l}>lclllcl]tatioll  (beam, rod,
disk, etc.). IIcspitc the distinctions, the
fundamcnta]  principles of solid-state
actuation tic tbcm together: microscopic
material clcformations  (usually associated
with picmclcclric  materials) zirc amplified
through either quasi-static mechanical or
d yllalllic/rcs(lllallt  means. ‘1 ‘hc motor
mechanism is based on rectification ofthc
stator  wave cyclic motion  to clrivc the rotor
in a ccmtrollccl  direction.

Several USM classes have seen cmmcrcial
application in areas ncccling compact,
cfficicnt,  intcrmit~cnt  motion  [ 12, 13]. Such
applications incluclc:  camera auto focus
]cnscs [ 14, 15], watch motors [ 16] and
compact paper handling [7]. A comparison
of the pcrfmmancc characteristics of rotary
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clcctl ic motors employed in current space
applications and 1 ISMS is shown in ‘1’able 1.
‘1’hc lnotors,  characteristics arc given with no
gear I cduction  and highlight the inherent] y
higher torque density of llSMs.  ‘1’o obtain
similar ICVCIS of torque-speed characteristics
with cxmvcntional motors, a gear systcm is
addc{l to rcducc  the speed, thus increasing
the size, mass and complexity of the (irivc
mcc]lanism. Picmmotors  arc fundamentally
dcsipnccl to have a high holding  force,
Jmwiding cfrcct  ivcly zero backlash. ‘1 ‘hc
numl ]cr of components nccdcd to construct a
motor is small minimizing the number of
potel]tial  failure points. ‘1’hc gcmral
charactcris{ ics of 11 SMS make thcm
attratlivc  fm robotic applications where
small, intermittent motions arc required.

in l~i{;~lrc  1 the operation principle of solid
state ultrasonic motors (travc] ing, wave ring-
typc motor) is shown as an example. A
travc 1 ing wave is cstablishccl ov’cr the staler
surfidce,  which bc]lavcs  as an elastic ring,
and ~mduccs  elliptical motion  at the
intcrlticc with the rotor. ‘1’his elliptical
mot itm of the conlact  surface propc]s  the
rotol and the dri VC- shaft cmmcctccl to it.
‘1’hc lccth, which arc attached to the stator,
arc i] dcnclcd  to i ncrcasc the moment arm to
amp] i fy the speed. ‘1’hc operation of llSM
dcpctlds  on friction at the intcrfacc  bctwccn
the nmving  rotor and stator ancl it is a kcy
issue in the design of this intcrfacc  for
cxtcldccl  ]ifctimc.

PRINCI I.’A] ,..(]l~ O1)l{RA’l’ION

‘1’hc ~~cncral  concept of a solid state motor is
to pr~ducc  gross mechanical motion through
the amplification and rcpctiticm of micro-
clcfol mations  of active material. ‘1’hc active
material incluccs  an orbital motion ofthc
stator at the rotor contact point and frictional
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intcrfacc  bctwccn tbc rotor aml statm
rcctifics the micro-motion to pmducc macro-
motim  of the staler as showrl in l;igurc  1.
‘]’hc  active  material, which is zi piczoclcctric
wafer in this study, cxcitcs  a Iravc]ing
bcmling  wave within the staler that leads to
cllipticfal  motion  oftbc surface parliclcs.
‘]  ’ccI1l  arc usccl  to cnbancc  the speed that is
associated with the propelling effect oftlmc
particles. ‘J’hc rcctificatim  of the micro-
motim  at tl~c intcrfacc is Jmmidcd by
pressing tbc rotor m top ofthc stator and tbc
frictional force bctwccn  the two causes the
rotor to spin. ‘1’his motion  transfer bctwccn
the stator  and rotor is similar to a gear action
and it leads to much lower rotation  speed
than the wave frequency.
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+
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—

surface (nof 10 Scak)

IJigurc 1. l’rincip]c of Operation of a Rotary
‘J’raveling Wave Motor (Ring type) [12].

A gcl~cric description ofthc stator is shown
in ]~igurc  2. ‘1’hc stator  can bc driven by a
piczoclcctric wafer that is Jllaccd either on
one surface 11 5] or sandwiched bctwccn two
wafers I 1 7“1. ‘1’0 gcncratc  travclinpj wave,
the piczoccramic driver intcmal  poling  is
structured such that quarter Wavclcllgth out-
of-pbasc is formed. ‘1’his poling  pattern  is

also intcndc(i to eliminate cxtcmim in the
statol and maximize bending. ‘1’hc tcclh on
tbc stator arc arran!,cd in a ring at the radial
position. in l~igurc 2 the solid lines il~dicatc
pcrmmcnt  ctchin~, on tllc clcctrodc  in two
grou]m (A &l I). 1 )ashcd lines indicate
scgmmts that wi 11 bc ctchcd for poling
purposes aml tlml rccomlcctccl  with silver
paint  to rcducc  the number of leads required.
‘1’hc dark areas arc rc~,ions  cm the
piczoc]cctric  wafer that arc not activated. 11)
opcrnticm  A ancl 11 c]cctrodcs  arc driven 90°
out 01’ phase and pro(iucc  orthogonal  disk
modes.

‘1’0 gtmcratc a travclinp,  wave within the
stato~  two ortlmgonal  modes arc control  Icd.
‘1’hesc  modes arc formed by the
picmccramic  poling  pattern  A of co,~(4f3)
and 1 \ of si}?(40). (icomctrica] examination
of this pattcm  shows that if the A
picmccramic  driver is induced by a CO,Y  (ml)
and 11 by si}?(m~),  a traveling wave is formed
with the frcqucmy  of Q = co/4 frequency.
Also, by changing  the sign cm one ofthc
drive signals, the Iravcling  wave rcvcrscs its
dircctim.

‘]’] ]] ;OI<l;rl’lCAl/.h401”)111 DU..— —.

“] ‘O a priori  predict rotary ultrasonic motors
the t! amicnt aml steady state performance an
analytical model [ 17] was dcvclopccl and a
sumlnary  will be given herein. ‘1’hc model
comists of four sectiom as illustrated in
l~igurc 3 and is dcscribcd  below. ‘1’hc model
sccti(ms  address the major components that
arc rcspomi  blc for the motor opcrat ion, i .c.
stator, rotor, interface and motor
pcrf(mnancc.
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‘l’All],11 1: Comparison of existing  clcctromagnctic  motors  (l{MM) and ulttasmic  II1OIOH (USM)
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]Fip,urc 2: (icncric stator design  dcsclibhp,
the Jm]ing  sequence on the piczoclcctric
wafer.

III ]:igurc 3 the analytical model is drawn in
the form of a flowchart with the four
scc.tims. ‘]’hc Stator  Moclcl  (Section A) is a
dynamic model  of a circularly symmetric
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variable cross section disk. ‘1’hc disk is
subject to di stributcd  picmclectric  forces as
well as distlibutcd  normal aml iangcntia]
frict imal intcrI’~cc  pressures caused by
moti  cm dcpc]dmt  rotor- stator contact.  ‘1 ‘he
model includes  traveling wave motion
through temporally and spatially out-of-
phasc forcing  of ‘X)” ordmgcmal  disk modes
ass] mm in 1 ~i~jurc 4.

in lIIC lntcrfacc  Mode] (Section 11), a
distl  ibutccl  frictiolml interface is assumed for
the contact area bctwcell the rotor aml stator,
see J:igure 4. ‘J’his  Jmvidcs  for modeling
the mtor-st atm conl act comp] iancc and
allows distributed mrmal  and tangential
forces at the coniact  surface. “1’hc Rotor
Mmlcl (Section (~) assumes a rigid body
dynamic  model of the rotor motion  (vertical
aml llori7011tal/1-otary).  It assumes an
cxtcmall  y appl icd normal force and torque
as Jvcl]  as ]llotioll-(lcl>cllclclll  interface forces
that arc derived from rotor-staler contact.
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IJigurc 3: Modeling apJmach  consists  of major motor co] npommts  which arc: stator, rotor,
inlcrfacc,  aml motor pcrformaucc,

/ H r, w
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R o t o r  ~— (0rotor [wo(r, f3,t) + h’ - nj(t)]

—-—

deformed uorieformed
centerline

l;igurc  4: h40(icl  for inlcrfacc  bctwccll the rotor and sta~ol.  IIistribukxl  horizontal frictional fmcc
is ml shown.
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‘1’hc Motor l)crfiormance  Model (Section  1))
provides a performance prcclictim  module
using  tramicnl  or steady stale values of rotor
position am] velocity to calculate positioning
accuracy and stcacly state Jmcchanical  power
output, It calcu]atcs  the current  inpul  into
piczoc]cctric  clcctroclcs  using  a fully
couplccl  clcctrolllccllall  ical moclc]. Using
the current and the known  applied voltage it
calcu] atcs average electrical power input and
efficiency.

‘1’bc picmc]cctric  cmstitutivc  cquaticm  in tbc
model USCCI can bc cxprcsscd  as

where T is the stress Icmsor in rcduccd  form,
1) is tbc electric disp]accmcnt  vector, S’ is tbc
straia tcmor  in rcduccd  form, and 1; is the
electric field vector. ‘1’hc dcfiniticms  ofthc
st i ITncss constants  c’”, the clcctrcmcchanical
comtants  c, aml tbc ciiclcctricf  pcrmittivity
constmt  c can be found in [ 1 7]. ‘]hc
governing cquatim  for tbc rotor can bc
writtcl~ as

wbcrc M, C and K arc tbc mass, damping
and stif’fncss  matrices ofthc stator,
rcspcctivc]y,  and p is tbc mode] amplitude
vccl~r.  ~*, and ~1, arc tl~c  cxtc~Jlal  Jl~rJl]a]

and tangential force vectors, O is Ibc
clctromcchanical  coupling  coJlstants  and V
is the applied voltage.

‘1’hc rotor is moclc]cd  by cquatiom of
Jmotims dccoup]ccl in tbc rotary dircctim  by

Ibc rotatioJl ang]c u aJld in tbc z dircctioJl  by
tbc flcxture  bcip,bt  W1 (tbc distance bctwccJl
tbc undcformccl  stator hcip,bt and tbc rotor
10wcr surface). 1 lCJICC,  tbc rotation  cquatioJl
can l)c cxprcsscd  as

W]lCJ C ~,01,,, is the rotor incr{ia,  C,’U js tbc rotor
spin clamping, and zj,,, ami z,,,,,),,,,,, is tbc
illtcrlicc tmquc alJd app]iccl  Iorquc
rcspcctivcly.  ‘1’bc cqualim  oftbc rotor iJl
the .i dircctim  can bc cxprcsscd  as

Wbcrc A4ro,(,r is tbc rotor mass, (,’. is tbc rotor
vcrti Cal clampinpj,  )’;,,, ancl l’~,,,,,/,,,,, arc the
intcr~ticc  force and app]icd  forces,
rcspcctivcl  y. 1 ly solving  the rotor aml stator
cqualioJls,  tllc pcJ”formaJlcc oftbc motor can
thus I)c evaluated, and details of tbc
calculatioJl  can bc foLItKI in [ 17] and arc
oJnit {ccl here for brcvit y.

‘1’hc analysis oftbc mnlincar,  coupled
rotor-  stator d ynaJnic moclcl  d i scussccl above
bas dcJlloJlstratcd tbc ability to predict the
Jmtm transient and stcacly state performance
as a f(Jncticm  of cJiticzil  design parameters.
‘J’best parameters iJlclLJdc  cbaractcristics
sacb :is tbc intcrfacc  mrJnal force, tooth
bcigbt  ad slalor radial cross section.
Stcacly state Jnolor pcrf(wJnallcc data have
been ~:cJlcratccl  incl~Jding tbc speed-torque
curves aml efficiency-torque curves for
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various paramclcrs such as tcclh hcighl  ami
intcrfacc  fowcs [ 1 7].

‘]’hc nlodc] was ccmlputcr  cdcd and was
uscci to simu]atc  lhc motor rcspmsc  as a
flmction  of various cicsign parameters. “1’his
simulation has inciicatcci  the critical role of
the Jllotor factors in (iclcrmining  its
efficiency awl power output. 11 also has
shown that current motor cicsigns  operate
WC]] under thci r peak potclllial  pcrformal)cc
ciuc to limitations m inlcrfacc  pressure
imposcci by lifetime issues related 10 wear at
the rotor/stator intcrfacc.

A simulation ofthc motor rcspmsc  to al)
app] ic(i force i llpUt l’~,,,),i~(,  anti torque T[,,,J,lj~{t
almc ami lhc illcrlia all(i (iamping Icrms
were evaluated for various values from 110-
loa(i to siall ICVC1. It was cictcrmincd  that lhc
modal amp]itu(ic iJlcrcascs from zero until
tile normal aml tangential work terms bc~in
to Iakc energy out of the stator subsystcm.
Ailcr several oscillatims  a stca(iy state is
rcachcci, At the initial phase a mg,ativc term
appcam duc 10 the applied axial load which
must bc balanccci by the intcrfacc  force to bc
xcro 130111 initially ami at stca(iy state, ‘1’hc
rotor, mocie]cci  as a flcxurc, must Ibcrefore
(icform to accommmiatc  the i ntcrl%cc force.
‘1’hcsc oscillatory rcspomc  al the tramicnt
phase can bc cmtrollcd  by IIIC motor
clcctrcmic  cirivcr to minimize this ovcrshool.

‘J’wo factors ciominatc Ihc optimizatim  of
the motor pcrformancc: the tooth hcigbt  anti
lhc app]ic(i axial loading.  Analysis ofthc
motor performance has shown that an
incrcasc  of the teeth height incrcascs  Ihc
speed of the motor  with rclat ivcl  y small
effect m the stal I tmquc. l:ur[bcr the effect
ofthc tcctb height on Ihc motor c}ficicncy

requires optimization since there is an
imrcasc  at small values reaching a

maxi mum at ccrtai  n ratios of the t ccth hcigilt
to ti~c stator thickness.

‘J’hc two most imporlant  characteristics of
the n lolor arc spccxi-torque ami efficiency -
torque. 1 ~valuation  of these graphs for low
axial loaciinp,  yicl(is a low stail torque ami a
rclati vcly fast no-]oa(i spccci. As the axial
loaciiug  incrcascs,  a stca(iy state progrcssicm
is ob,scrvcci  from hig,h m-load  spcccis  ami
low stall-to~qucs  10 lower no-load  spcccis
and IIigb torque. ‘1 ‘his rotor spccci  ciccrcasc
is duc to the mrmal  forcing  m the stator, as
the axial load incrcascs,  more energy is
takcl I out of the stator vibration and thus the
statol  surPdcc vc]ocily  ciccrcascs which in
turn ilffccts the rotor velocity. 1 lxamillation
ofthc efficiency-torque curves is showing
that lnaximizing,  the output power ciocs  not
maximixc  the cfticicncy.  ‘1’hc cause of this
behavior is the clamping effect that is
associatcci with tile imrcascd  load and
rcciuccd  capability of the stator  to resonate.

‘1’0 01 dimizc  the I not or efficiency a
paraloctric  study was initiatcci.  ‘1’hc
matc]ia]s that arc usc(i to produce the stator
and I otor have imporlant  effect cm the motor
pcrfomancc.  ‘1 ‘hc key motor parameters
that ]vcrc uscci ill the calcu]atiom arc:

sltaJ)u:
hlatcrials:  ai~llllillulll/brol~ zc/steel
(Jutcr disk radius: 3 cm
IIlncr ho]c ra(iius: 2.23 cm
‘1 hickness: 0.24 cm

I{OLOI
Material: bronz,c
Mass: 0.05 kg
IIlcrtia:  0.00001 kg,- m2
IFlcxural stiffness: 2C12 N-m2

c,, : 2C--G N-m-S
C,: 500 hl-shn



l’iczoclcctric_c~eW
Material: l)Z1’-4
d3,: -1 ]0 C-12 Ill/v
(Hampcd dielectric: 1550 co
‘1’hickncss: 0.051 cm

]ntcrfacc  Material”-— .
Material: Kaptcm
Young’s modulus: 2.85 Gpa
l’oisscm’s ration: 0.35
1 )yllamic coefficient of friction: 0.32

A set of speed-torque curves wm produced
for aluminum, Immc aml steel and arc
shown in ]:igurc 5. ‘1’hc curves in ]:igurc 5
indicate  that an alumimm  slator produces
tbc higbcst  speed-torque response  for the
above set of selected parameters. 1 ‘urthcr,
the stall torque is m3t affected by tbc choice
of the stator/rotor material. ‘Ilis parametric
study is being  pursued hward optimization
of the motor design  parameters. 1 ‘urtbcr,
efforts arc currcnll  y c1 ircctccl towards the
inclusion  of tbc effect of temperature and
vacuum.
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l;igure  5: Motor performance curves.
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A parametric study ofthc motor mmicl that
account for the cflkct of tbc friction al the
stator-rotor  interface provided a valuable
insig,ht into tbc mechanical amd dynamics of
how piezoclcclric  molors  operates. ‘1’hc
model present  cd cm be usccl to optimi xc Ibc
operation of picmclcctrie  motors including
the c ffcct of tbc Icctb ad the applied axial
load i ng for maximum performance.

‘1 ‘he research described in this paper was
pcrffwncd unclcr a contract with tbc
National Ammautics  and Space
Adnlinistration.  II is part of a larger task on
Mars 1,amlcr  robotics  (1’.1., 1 h. l’au]
Schcnkcr,  .1I’1 ,). ‘1’hc goal of this task is to
advance mcchani sins, cent ro]s ad machine
intc] ligcncc  for next ~,cneration  planetary in-
situ scicncc exploration.

‘1’hc autlmrs would like to thank Mr. I)ion
h4anly for his assistance in the parametric
study, Mr. Manly is a Summer ‘1’ccbnical
lntc] n at .1I’1. awl a stu(icnl at llnivcrsity  of
Cali fomia, lrvinc.
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